While intra-NAcc injection of GLU transiently increased glucose levels in this structure, intra-SNr 
114
response and behavioral activation, electrochemical measurements were supplemented by 115 recording of animal locomotion.
116
Although our primary goal was to examine physiological fluctuations in extracellular 117 brain glucose levels, several control studies were also conducted to establish reliability of 
123
conducted with enzyme-free, glucose-null sensors to exclude these non-specific contributions.
124
Since glucose entry from the peripheral blood could be a possible mechanism for its increases in 
150
+7.8 mm, according to the stereotaxic atlas of Paxinos and Watson (1998) . The guide cannula 151 hubs were fixed to the skull with a head mount constructed from dental acrylic that was secured 152 using three stainless steel bone screws. When not in use, stainless steel obdurators were 153 inserted into the cannulae to prevent occlusions. During the same surgical procedure, 17 rats
154
were also implanted with a chronic jugular catheter, which ran subcutaneously to the head 155 mount and was secured to the same head assembly. Rats were allowed a minimum of 4 days of 156 post-operative recovery; jugular catheters were flushed daily with 0.2 ml sterile saline.
6 at a potential of +0.6 V vs. the reference electrode, glucose oxidase enzyme converts glucose to 164 α-ketoglutarate and hydrogen peroxide, which is detected as an amperometric oxidation 165 current (Hu and Wilson, 1997) . The potential contribution of ascorbic acid to the measured 166 current is competitively reduced by co-localizing ascorbic acid oxidase enzymes on the active 167 surface of the sensor. This enzyme converts ascorbic acid to non-electroactive 168 dehydroascorbate and water. In addition, a negatively charged Nafion polymer layer under the 169 enzyme layer serves to exclude the contribution of endogenous anionic compounds. An outer 170 polyurethane membrane is cast over the entire sensor surface, serving to limit diffusion of 171 glucose to the enzymatic layer as well as to provide additional screening of interferents.
172
To validate the reliability of glucose measurements in vivo, we also used glucose-null 173 sensors (Pinnacle Technology), which were identical to glucose sensors, except the absence of 174 glucose oxidase. Therefore, when used under identical in vivo conditions, these electrodes are 
185
In vitro calibrations of both types of sensors were conducted in PBS (pH 7.3; t° 23°C) by 186 incrementally increasing the concentration of glucose (Sigma-Aldrich) from 0 to 1, 2, 3, 4, and 5 187 mM followed by a single addition of ascorbate (250 μM). As shown in 
211
Following calibration of glucose-null sensors (see Fig. 1A 
245
At the beginning of each experimental session, rats were minimally anesthetized (<2 246 min) with isoflurane and a calibrated sensor (either glucose or glucose-null) was inserted into 247 the brain through the guide cannula. Then the rat was placed into the testing chamber and the 
269
Rats for Experiment 2 (n=6) were prepared similarly to the main behavioral experiment 270 1 and were implanted with one cannula (either to reach the NAcc or SNr) and a chronic iv 271 catheter. In this experiment, glucose currents were monitored during one recording session,
272
when rats received three iv glucose injections (15 mg in 0.3 ml over 30 s, dissolved in saline).
273
This dose of glucose (15 mg) after its distribution within the entire circulatory system of the rat
274
(volume ~30 ml) should increase blood glucose levels for ~3 mM. The time interval between 275 consecutive glucose injections was at least 90 min.
276
Rats for Experiment 3 (n=8) were implanted with a modified cannula connected in 
295
As shown previously, dorsal and ventral striatal neurons in awake, unrestrained rats are very 296 sensitive to local applications of PRO and GLU, showing dose-dependent inhibitions and 297 excitations, respectively (Kiyatkin and Rebec, 1999, 2000 
300
PRO were typically performed during the session in rats well habituated to testing environment.
301
Near the end of the session, rats received a single intraperitoneal injection of Equithesin (1 ml)
302
to examine the pattern of glucose response during the transition from a waking state to general 303 anesthesia.
304
Sensor placement verification
305
After experimental sessions were completed, rats were deeply anesthetized by
306
Equithesin and transcardially perfused initially with room temperature PBS (pH 7.4) followed by
307
10% formalin. Brains were sectioned on a cryostat to a thickness of 45 μm and some of them
308
were stained with cresyl violet. The location of the sensors within the NAcc shell and SNr was 309 verified using the stereotoxic atlas of Paxinos and Watson (1998) (Fig. 1B) .
310
Data analysis
311
Electrochemical data were sampled at 1 Hz (i.e. mean current over 1 s) using the PAL 312 software utility (Version 1.5.0, Pinnacle Technology) and analyzed with two time resolutions.
313
Slow changes in electrochemical current were analyzed with 60-s quantification bins for 5 min 
334
In addition to stimulus-related changes in electrochemical currents, we also analyzed 
349

Results
350
Slow changes in glucose electrochemical currents: specific and non-specific contributions. Basal 
357
---------- 
387
Following slow temporal resolution analysis (Fig. 3, 
400
Following rapid temporal resolution analysis (Fig. 4, 
405
over baseline) that peaked at the second data point (6 s) and was maintained for ~20 s. TP
406
induced a similarly rapid (0-4 s) but larger increase in glucose (60 μM or +11%), which peaked at 407 6-10 s after the start of procedure, was maintained within the entire duration of stimulation,
408
and remained elevated within the entire analysis interval. While glucose levels also rapidly 409 increased at the start of SI (peak, ~60 μM at 6-14 s), then they decreased toward pre-stimulus 410 baseline, but phasically increased again after a guest-rat was removed from the cage. Equally 411 rapid (latency 6 s) glucose rise also occurred during iv cocaine injection, peaking at ~70 μM at 412 the injection end. Then, glucose levels relatively decreased and began to increase slowly again 413 from 30-40 s after the start of injection to the second lower peak (~40 μM).
414
418
A similar analysis paradigm was applied to our SNr recordings ( Fig. 5 and 6) . Following 
434
446
However, the immediate increase at the start of SI became significant when analyzed for the 447 first 60 s after stimulus onset (F 9,109 =2.26, p<0.02). Cocaine also decreased SNr glucose levels;
448
the decrease was more rapid but not greater than that seen with TP and SI.
449
452
Relationships between changes in NAcc and SNr glucose levels and locomotion
453
As shown in Fig. 7B , TP, SI and cocaine significantly increased locomotor activity. The
454
increases were about the same for each stimulus but they were more rapid and shorter for TP
455
and SI than for cocaine. When motor activity increased, glucose levels rapidly increased in the Glucose-1 15
NAcc but decreased more slowly in the SNr (Fig. 7A) 
462
---------- monophasic. Importantly, these changes were delayed from more rapid fluctuations in glucose 474 levels ( Fig. 7A ) and rapid increases in locomotion (Fig. 7B) . However, these non-specific current 
488
Changes in NAcc and SNr [glucose] induced by rapid increases in blood glucose
499
As shown in Fig. 8A-B 
517
558
We found that PRO injection consistently decreased SNr glucose currents (see original 559 examples in Fig. 9B ). Similar to the GLU-induced responses, PRO-induced decreases in glucose 560 current were highly variable in their latency, magnitude, and duration, depending upon the rat,
561
concentration and dose of procaine, the injection number within a session, and animal's activity 
566
decreases and subsequent increases were more prolonged. In some rats, intra-SNr PRO
567
injections at larger doses induced contralateral rotational behavior, which was evident when 568 glucose levels were at lower levels but disappeared when they increased.
569
When all tests were averaged (n=11), we found that PRO has a significant, strong effect 
591
Discussion
592
The primary goal of this study was to examine how extracellular glucose levels fluctuate 593 in response to natural arousing stimuli and iv cocaine administration in the awake, freely moving 594 rat and to understand their underlying mechanisms. In contrast to microdialysis, which allows 595 glucose levels to be directly sampled from brain tissue typically at the scale of 5-10 min, high-
596
speed amperometry with glucose-selective sensors has a second-scale resolution, making it 597 possible to evaluate glucose fluctuations at the temporal scale comparable to neuronal activity.
598
To further examine the possible role of neural activity in determining the glucose response,
599
measurements were conducted in two brain structures, which have profound differences in 600 basal neuronal activity and responsiveness. Finally, we directly tested the role of neuronal 601 activity in mediating rapid and differential changes in extracellular glucose by measuring glucose 602 levels after local drug-induced neuronal excitation and inhibition.
603
Reliability of electrochemical evaluation of brain glucose levels in behaving animals
604
Although electrochemistry, due to its excellent temporal resolution, appears to be a 
610
Inc.) used in this study were quite substrate-sensitive in vitro, producing much larger currents
611
(10-15 nA/1 mM at 37°C) than other oxidizable neurochemical substances at their basal or 612 response range concentrations (i.e., ascorbate, ~0.5 nA/250 μM; dopamine, 0.05 nA/100 μM).
613
Taking into account that glucose levels in the brain's extracellular space are much higher (500- 
624
both structures by glucose sensors slowly decreased during the in vivo experiment (see Fig. 2 ).
625
However, a similar decrease in current baseline occurred with glucose-null sensors. After 626 correcting for this non-specific effect by subtracting values generated by glucose-null sensors,
627
we found that basal extracellular glucose levels in both structures appear to be relatively stable 628 during a ~8-hour recording interval. The use of glucose-null sensors also allowed us to evaluate 629 basal levels of glucose, which were determined to be ~540 μM and ~407 μM in the NAcc and 
647
In contrast, it could be a serious complicating factor for other neuroactive substances that are 648 present in the brain at much lower concentrations (i.e., glutamate), generating smaller 649 fluctuations in oxidation currents (see Wakabayashi and Kiyatkin, 2012) .
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Rapid, structure-specific changes in brain glucose levels induced by arousing stimuli and cocaine
651
Extracellular glucose levels change rapidly and differently in the NAcc and SNr. In the
652
NAcc, glucose levels phasically increased after an audio stimulus, at the start of TP and SI, and
653
within the duration of iv cocaine injection. While equally rapid (latency 2-6 s), the increase was 654 weaker and transient with an audio stimulus but stronger and much more prolonged with SI, TP
655
and cocaine. Although glucose levels after the initial peak relatively decreased when the 656 recorded rat actively interacted with the guest, a second, smaller phasic increase occurred when 657 the guest was removed from the cage and the recorded rat showed active exploratory behavior.
658
Glucose levels also rapidly peaked at the start of TP and declined relatively when the rats was 659 engaged in chewing behavior, but were maintained at increased levels for ~12 min. A biphasic
660
NAcc glucose increase was even more evident with cocaine, which induced a rapid, injection-661 related rise that was followed by a slowly developing second increase. A weak, rebound-like 662 decrease in glucose levels was found from ~20 min after SI and ~40 min post-cocaine injection the present study followed the same pattern (see Fig. 11A and B), increasing significantly within 697 the first four seconds and peaking at 6-10 s after the start of TP. A similarly rapid but weaker 698 and more transient glucose peak was induced by an audio stimulus, which also phasically excites 699 most striatal and accumbal neurons (Kiyatkin and Rebec, 1996) . A rapid rise in NAcc glucose 700 induced by iv cocaine was also tightly related to phasic activation of accumbal neurons ( 
722
------------
723
Figure 11 724 
766
The role of neuronal activity as a regulating factor was confirmed by local 
791
Conclusions and functional implications
792
The use of enzyme-based glucose sensors combined with high-speed amperometry
793
revealed that basal extracellular glucose levels in awake, freely moving rats are maintained at 
808
occurred during neuronal inhibition induced by PRO. Importantly, the magnitude of these drug-
809
induced changes was comparable to those induced by natural stimuli.
26
Hence, it appears that in contrast to relatively uniform metabolism-related decreases in 811 glucose levels in brain cells (Sokoloff, 1992) 
